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Τα ηλεκτρονικά συστήματα που χρησιμοποιούνται για έξυπνες εφαρμογές  ελέγχου ισχύος 
όλο και περισσότερο εγκαθίσταται σε κινητήρες ηλεκτροκίνητων οχημάτων, μηχανές και 
ενεργοποιητές για ακριβή υπολογισμό: α) της θέσης και της προσαρμογής κίνησης, β) της 
ισχύος και της ρύθμισης ροπής, γ) της βελτιστοποίηση της αποδοτικότητας ισχύος, και δ) της 
εξοικονόμισης ενέργειας. Η λειτουργία των εν λόγω ελεγκτών βασίζεται κατά κύριο λόγο σε 
ηλεκτρικούς αισθητήρες ρεύματος ικανούς να καταγράφουν με μεγάλη ακρίβεια παλμικά 
ρεύματα που ποικίλουν από DC έως συχνότητες τόσο υψηλές όσο 100 KHz και την μέτρηση 
ρευμάτων με ρυθμούς μεταβολλής τόσο υψηλούς όσο 10GA/sec. Αυτή η απαίτηση θέτει τον 
καθορισμό του εύρους ζώνης του αισθητήρα τουλάχιστον ίσο με 1MHz για μέγιστο πλάτος 
ρεύματος ίσο με 5KA και ανάλυση 0.02%. Επιπλέον, οι σύγχρονες εφαρμογές ελέγχου ισχύος 
απαιτούν ανίχνευση ρεύματος σε πολλαπλούς αγωγούς οι οποίοι τοποθετούνται πυκνά 
μεταξύ τους. Ο ανωτέρω περιορισμός θέτει περιορισμούς όσον αφορά τις διαστάσεις του 
αισθητήρα και το κόστος, καθώς και την απόσταση ανάμεσα στους αισθητήρες και στους 
αγωγούς ρεύματος. Η σταθεροποίηση της θερμοκρασίας είναι μία ακόμα σημαντική 
παράμετρος που επιρεάζει σημαντικά την απόδοση των σημερινών αισθητήρων, ειδικά στην 
περίπτωση των βιομηχανικών εφαρμογών, όπου υποβάλλονται σε μεγάλες διακυμάνσεις της 
θερμοκρασίας.     
Η δουλειά που έχει γίνει γι αυτή την διδακτορική διατριβή είναι τμήμα του έργου IHACS. Το 
έργο IHACS  στοχεύει στην ανάπτυξη μιας νέας οικογένειας από πολύ μικρούς, γαλβανικά 
απομονωμένους, ανοικτού-βρόχου, ευρείας ζώνης συχνοτήτων, αυτο-βαθμονομούμενους, 
ηλεκτρικούς αισθητήρες. Ο ηλεκτρικός αισθητήρας που χρησιμοποιείται είναι ηλεκτρικός 
αισθητήρας που βασίζεται στο φαινόμενο Hall. 
Η διδακτορική διατριβή αποτελείται από δύο τμήματα: 
a) Την ανάπτυξη σε Matlab ενός 2-διάσταστου Προσομοιωτή για Φίλτρα Πεδίου 
Δινορρευμάτων. 
b) Τον σχεδιασμό ενός Μεγάλου Εύρους Ζώνης Συχνοτήτων Μαγνητομέτρου για 
εφαρμογές Ηλεκτρικών Αισθητήρων (Αναλογικό Κύκλωμα).  
Ένα από τα βασικά παρασητικά φαινόμενα των αισθητήρων Hall και των ημιαγωγών 
γενικότερα είναι τα δινορρεύματα τα οποία εισάγονται στην επιφάνεια του ημιαγωγού. 
Εξαιτίας της παρουσίας του ac ρεύματος διέγερσης σε μία συσκευή Hall, παράγεται ac αυτο-
μαγνητικό πεδίο. Τα τμήματα υψηλής συχνότητας του μαγνητικού πεδίου εισάγουν 
δινορρεύματα στην πλάκα Hall. Αυτό το μαγνητικό πεδίο αναγκάζει το ρεύμα να αποφύγει το 
κέντρο και να συγκεντρωθεί στα άκρα της τομής της πλάκας. Αυτό προκαλεί την αύξηση της 
αντίστασης της πλάκας στις υψηλές συχνότητες. Αυτά τα δινορρεύματα παρενοχλούν την 
ομοιόμορφη ροή του ρεύματος πόλωσης μέσα στην πλάκα Hall, καταστρέφοντας την 
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ευαισθησία της πλάκας ακόμα και σε χαμηλές DC συχνότητες. Αυτό είναι ένα μη-γραμμικό 
φαινόμενο, άρα ένα γραμμικό ηλεκτρονικό φίλτρο δεν μπορεί να χρησιμοποιηθεί για να 
φιλτράρει τις υψηλές συχνότητες. Η πρόθεση είναι η δημιουργία μιας συσκευής διαμόρφωσης 
ροής έτσι ώστε να φιλτραριστούν τα υψηλόσυχνα (παρασητικά) τμήματα. Ένα εργαλείο 
λογισμικού ανοικτού κώδικα έχει γραφεί σε γλώσσα Matlab και παρουσιάζεται εδώ. Αυτό το 
εργαλείο έχει την ικανότητα να λύνει 2-διάστατα, ημι-στατικά ηλεκτρομαγνητικά προβλήματα 
μέσα και γύρω από αγωγούς ρεύματος και/ή αγώγιμες ασπίδες και ονομάζεται Προσομοιωτής 
Μαγνητικού Πεδίου. Αυτό το εργαλείο CAD το οποίο έχει αναπτυχθεί μπορεί να 
χρησιμοποιηθεί για να προσομοιώσει την συμπεριφορά ασπίδων έτσι ώστε να επιλεγεί αυτή η 
οποία μπορεί να χρησιμοποιηθεί πιο βέλτιστα.  
Το δεύτερο κομμάτι αυτής της διδακτορικής διατριβής είναι ένα καινούριο μαγνητόμετρο για 
εφαρμογές αισθητήρων ρεύματος, το οποίο έχει μεγάλο εύρος ζώνης συχνοτήτων το οποίο 
κυμαίνεται από DC μέχρι και 1MHz. Για να επιτευχθεί αυτή η λειτουργικότητα έχουν 
χρησιμοποιηθεί δύο τύποι μαγνητικών αισθητήρων, ένας για τα τμήματα χαμηλών 
συχνοτήτων και ένας για τις υψηλές συχνότητες. Μια Hall συσκευή εξυπηρετεί τον πρώτο 
σκοπό και ένα pick-up πηνίο εξυπηρετεί τον δεύτερο.Εξαιτίας της τάσης αντιστάθμισης και της 
σταθεροποίησης της θερμοκρασίας, οι Hall αισθητήρες περιορίζονται σε μετρήσεις 
συχνοτήτων μέχρι μερικά KHz. Η λειτουργικότητα του pick-up πηνίου δεν είναι καλή σε DC, 
αλλά συμπεριφέρεται καλά σε υψηλότερες συχνότητες. Το κύκλωμα που παρουσιάζεται εδώ 
συνεννώνει τα σήματα από τον Hall αισθητήρα και από το pick-up πηνίο. Ο στόχος είναι να 
ληφθεί μέτρηση στην έξοδο η οποία να είναι επίπεδη στο πεδίο της συχνότητας μέχρι το 1 
MHz έτσι ώστε να είναι δυνατός ο υπολογισμός της μέτρησης του αισθητήρα ρεύματος. 
Συμεριλαμβάνεται ο κυκλωματικός σχεδιασμός, αποτελέσματα προσομοιώσεων, κατασκευή 
και αποτελέσματα μετρήσεων δύο κατασκευασμένων κυκλωμάτων. Επίσης, 
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Electronic systems for smart power control are being increasingly installed in modern 
electrically-propelled vehicles, motors, and actuators for precise: a) position and motion 
adjustment, b) force and torque regulation, c) power efficiency optimization, and d) energy 
saving. The functionality of such controllers relies primarily on electric current sensors 
capable of monitoring precisely pulsed currents varying from DC up to frequencies as high as 
100KHz and of reading current alteration rates as high as 10GA/sec. This requirement sets 
the sensor bandwidth specification to at least 1MHz for 5KA maximum current amplitude and 
resolution of 0.02%. Additionally, modern power control applications require current sensing 
in multiple conductors positioned densely among each other. The aforementioned restriction 
poses limitations concerning sensor dimensions and cost as well as positioning distance 
between sensor and current conductors. Temperature stability is another important parameter 
that severely affects the performance of current sensors, especially in the case of industrial 
applications, where they are subjected to large temperature variations. 
The work that has been done for this thesis is a part of the IHACS project. The IHACS project 
aims at the development of a new family of very compact, galvanically isolated, open-loop, 
wide-band, self-calibrating current sensors. The current sensor that is used is a current 
sensor based on the Hall effect.  
This thesis consists of two parts: 
a) The development of 2D Matlab Simulator for Eddy Current Field Filters 
b) The design of a Wide-Band Magnetometer for Current Sensing Applications (Readout 
circuit) 
One of the main parasitic effects in Hall sensors and generally in semiconductors are the 
Eddy Currents that are induced into the semiconductor surface. Because of the presence of 
ac excitation current in a Hall device, ac self-magnetic field is produced.  High frequency 
magnetic field components induce eddy currents in the Hall plate. This magnetic field forces 
the current to avoid the center of the device and to concentrate at the extremities of the cross-
section of the device. This produces an increase in the device resistance in high frequencies. 
These Eddy Currents disturb the uniform flow of the biasing current within the Hall plate, 
destructing the sensitivity of the device even as low frequencies as DC.  This is a non-linear 
effect, thus a linear electronic filter cannot be used to filter out high frequencies. The intention 
is the development of a flux shaping device in order to filter out high frequency (parasitic) field 
components. An open source software tool written in Matlab script language is developed and 
presented here. That tool is capable of solving 2D, quasi-static electromagnetic problems 
inside and around current conductors and/or conducting shields and is called Magnetic Field 
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Simulator (MFS). This CAD tool that has been developed can be used to simulate the 
behaviour of shields in order to choose the one that can be optimally used. 
The second part of this thesis is a new magnetometer for current sensing applications, with 
wide bandwidth that ranges from DC up to 1MHz. In order to achieve this functionality two 
types of magnetic sensors are used, one capturing low frequency components and one for 
high frequencies. A Hall device serves the first purpose and a pick-up coil serves the second. 
Due to offset voltage and temperature stability, Hall sensors are limited to measurements up 
to few KHz. Pick-up coil performance is not good at DC, but is performing well at higher 
frequencies. The Readout circuit that is presented here merges the signal from the Hall 
sensor and the signal from the pick-up coil. The goal is to get a measurement at the output 
that is flat in the frequency domain up to 1 MHz in order to be able to calculate the current 
sensor measurement. This work includes the circuit design, simulation results, fabrication and 
measurement results of two fabricated chips. Also, the results of the final PCB measurements 
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Introduction – Scope of this work 
 
This work is a part of the IHACS project. The IHACS project aims at the development of a 
new family of very compact, galvanically isolated, open-loop, wide-band, self-calibrating 
current sensors. The sensors are based on sophisticated multi-axes CMOS HALL 
magnetometers with no ferromagnetic parts that employ an elaborate technique for sensitivity 
stabilization against temperature effects. Additional mechanical parts will be incorporated that 
exploit Eddy-Current effects to provide for appropriate field filtering of the magnetic field that 
is induced by the monitor current conductors. These RF filters comply with the specifications 
set by the sensitivity-stabilizing subsystem and serve as supports for the CMOS integrated 
HALL magnetometers. Hence, conceiving a current sensor design with the aforementioned 
characteristics entails the following technological challenges: 
1. A wide-band, CMOS-integrated HALL magnetometer with very large dynamic range 
and fine resolution is produced and experimentally evaluated in a series of different 
current sensing applications. The unique performance of this device enables its use 
in almost any conventional HALL device application, as well as allowing for the 
deployment of new, innovative sensor systems that were impossible up to now. 
2. A sensitivity-stabilizing subsystem for HALL magnetometers should be conceived that 
provide continues-time sensor calibration.  
3. A series of Eddy-Current field filters should be devised and manufactured that provide 
for appropriate operation of the stabilizing-subsystem in the – rather unlikely – case of 
mismatch of the properties of employed semiconductor devices that may appear at 
extreme temperature variations. The shields will also serve as compact mechanical 
supports for the integrated magnetometers.    
IHACS project aims at the development of a current sensor which works at frequencies up 
to 1MHz. In order to achieve this functionality, two types of magnetic sensors should be 
used, namely: 
– one capturing low frequency components and 
– one for high frequencies. 
A Hall device serves the first purpose, sensing low frequency field components and a 
pick-up coil packaged on a printed circuit board serves the second, sensing high 
frequency field components. 
The objective is the development of a sophisticated continuous-time sensitivity calibration 
system for HALL magnetometers.  
In order to give a more thorough description of the project and how these parts are connected 
together, a simple explanation of each part will be described in the sequel: 
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1. Development of IHACS magnetometers. This part aims at the development of an 
integrated wide-band HALL magnetometer with large dynamic range that 
incorporates innovative Analog and Digital VLSI Readout Circuits executing 
advanced signal processing. This part includes intermediate prototyping and 
experimental activities as well as the development of an advanced CAD tool for the 
simulation of the performance of integrated HALL magnetometers. A wide-band HALL 
magnetometer that is optimized for pulsed-current sensing applications is designed. 
The magnetometer compromises a combination of appropriately designed HALL 
sensing devices with innovative readout circuit. The design parameters are:    
 The sensor is capable of reading current signals with: nonlinearity less than  
1.5% over 0-150A range, wide dynamic range 0-2.8kA, high slew-rate 14 MA/s      





 The sensor can provide close mounting to current currying conductors. 
 The magnetometer is integrated in standard CMOS process in order to achieve  
unique characteristics with regard to dimensions, spatial sensing resolution, 
performance-cost ratio, reproducibility and production yield.   
2.  Development of Sensitivity-stabilizing Subsystem. At this part, a sophisticated 
continues-time sensitivity calibration system for HALL magnetometers is developed. 
This part includes intermediate prototyping and experimental activities, as well as 
tasks aiming at the monolithic integration of IHACS magnetometers with the 
sensitivity-stabilization subsystem. Any mixed-signal and/or digital circuits required by 
specific IHACS application shall be addressed at this part. 
3. Development of Eddy-Current Field Filters. This part addresses tasks focusing on 
modelling, design, and prototype manufacturing of Eddy-Current shielding devices 
providing for field filtering. In this part special equipment is designed that allows for 
thorough experimental testing and evaluation of the field filters. 
4. Current Sensor Integration and Calibration. In this part, IHACS magnetometers – 
including sensitivity-stabilising subsystem – are combined with different Eddy-Current 
Flux-Shaping devices to form a family of current sensors. The sensors have been 
tested in different applications, by means of special equipment that are tailor-made 
for this purpose. 
The IHACS parts that are developed and are included in this thesis are the Development 
of Eddy-Current Field Filters and the Readout Circuit.  
A CAD tool written in Matlab script language has been developed in order to simulate 
different shields and choose the one that may be optimally used in order to filter out 
parasitic field components. 
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A Readout Circuit has been developed, which merges the low frequency components of 
the HALL sensor and the high frequency components of the pick-up coil. This leads to a 
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1. Hall Sensors Technologies 
 
1.1.  The Hall Effect 
The Hall effect is named after the American Physicist Edwin H Hall, who discovered it in 
1879.A graduate student, Hall was attempting to prove that a magnet directly affects current 
and not a wire bearing the current, as was believed at that time. His experimental device was 
a gold leaf mounted on a glass plate. An electric current was passing through the leaf and a 
sensitive galvanometer was connected across the leaf at two nearly equipotential points. The 
leaf was placed between the poles of an electromagnet. Experimenting with this topology, 
Hall discovered a new action of the magnet on electric currents. This action is now called the 
Hall effect. 
In order to understand the Hall effect, one must understand how charged particles, such as 
electrons, move in response to electric and magnetic fields. In the case of the electric field, a 
charge will experience a force in the direction of the field, which is proportional both to the 
magnitude of the charge and the strength of the field. This effect is what causes an electric 
current to flow. Electrons in a conductor are pulled along by the electric field developed by 
differences in potential (voltage) at different points. In the case of the magnetic field, a 
charged particle doesn’t experience any force unless it is moving. When it is so, the force 
experienced by a charged particle is a function of its charge, the direction in which it is moving 
and the orientation of the magnetic field in which it is moving through [1].  It should be noticed 
that particles with opposite charges will experience force in opposite directions.     
What Hall actually observed was an electromotive force in the leaf, acting at right angles to 
the primary electromotive force and the magnetic field. It appeared as if the electric current 
was pressed but not moved, towards one side of the leaf. Hall concluded that the new 
electromotive force was proportional to the product of the intensity of the magnetic field and 
the velocity of the electricity. This conclusion can be expressed by equation (1.1).  
   BuEH                     (1.1) 
Where EH is the Hall electric field, u  is the carrier velocity and B is the magnetic induction.  
The carrier velocity can be expressed by equation (1.2) 
        eE u                                  (1.2) 
Where μ presents the carrier mobility and Ee is the applied external electric field. 
The Hall effect comes as a manifestation of the action of the Lorenz force on quasi-free 
charge carriers. The Lorenz force is the force acting on a charged particle in electromagnetic 
field. A charged particle will be accelerated in the same linear orientation as the E field, but it 
will curve perpendicularly to both the charge velocity u and the magnetic field B, according to 
the right hand rule. The existence of the Lorenz force is the fundamental indication of the 
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presence of electric and/or magnetic fields. The Lorenz force can be expressed by equation 
(1.3). 
   BueEeF                    (1.3) 
Where F is the Lorenz force, e is the carrier charge, E is the electric field, u is the electron or 
hole velocity and B is the magnetic induction [1].  
Assuming that there are no space charges equation (1.4) can be derived  
   BJJ  HμΕ                  (1.4) 
Where J is the current density, σ is the carrier conductivity and μH is the Hall carrier mobility. 
The Hall mobility can be calculated using equation (1.5) 
    HrH                  (1.5) 
Where μ is the carrier drift mobility and rH is the Hall factor [3]. 
There is another way that Hall effect appears, besides the generation of the Hall electric field. 
A magnetic field introduces an angle between the total electric field and the current density 
vectors. This is so, because in the presence of a magnetic field, the total electric field 
E=Ee+EH is not collinear with the external electric field Ee. Thus, an angle exists between the 
electric fields and is expressed by equation (1.6) 
  tan H = eH EE /                 (1.6) 
 This angle is called the Hall angle and can also be calculated by equation (1.7) 
  H   arctan(μB)               (1.7) 
At weak magnetic induction, the Hall angle can be expressed by equation (1.8) 
  H  (μB)                (1.8) 
Over the last hundred years, the Hall effect has proved to be quite useful in the study of 
metals, semiconductors and magnetic materials.  
 
1.1.1   The Hall Voltage 
Nowadays, Hall’s experiment can be done using a Hall element which can be a thin sheet of a 
semiconductor. A current passes through this sheet and output connections are placed 
perpendicular to the direction of the current. When no magnetic field is present, current 
distribution is uniform and no potential difference is seen across the output, as it is presented 
in Figure 1.1 [6].  
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Figure 1.1: Hall element, no magnetic field is present 
 
When a perpendicular magnetic field is present, the Lorenz force acts on the carriers and 
disturbs the current distribution resulting in a voltage across the output, as it is presented in 
Figure 1.2 [6]. This voltage that is measured is the Hall voltage and is proportional to the 
vector cross product of the current I and the magnetic field B.         
 
 
Figure 1.2: Hall element, perpendicular magnetic field is present 
 
Thus, if a Hall cross-section is placed in a static magnetic field B = Bz, the Hall voltage 
appears between the sense contacts. The Hall voltage and can be calculated by equation 
(1.9). 
  BISV IH                    (1.9) 
Where I is the biasing current and SI is the current related sensitivity.  Current sensitivity can 






                 (1.10) 
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Where G is a magneto-geometrical factor, dependent on the carrier mobility and on the length 
and the width of the device, n is the carriers’ density, e is the carrier charge and t is the 








G                  (1.11) 
Where VH is the Hall voltage of an actual device, and VH∞ is the Hall voltage of a 
corresponding infinitely long or point-contact device. 
By inspection of equations (1.9) and (1.10), it follows that the Hall voltage is inversely 
proportional to the carriers’ density. For this reason, it is not usually practical to make Hall 
effect devices using most metals. 
 
1.2. Hall Effect Devices 
The term Hall Effect devices is used in order to describe all solid-state electron devices 
whose principle of operation is based on the Hall effect. Hall devices which are similar to the 
one that Hall had used in order to discover this effect, today are called Hall Plates. If the 
shape of the Hall device is undefined, the terms Hall device, Hall element or Hall sell are used 
in order to refer to these devices. Some Hall plates take after their name according to their 
shape, like Hall cross or Hall junction. For example, a combination of two Hall crosses is 
called Hall bridge. When the device is used as a sensor, usually the term Hall sensor is used. 
Another category is referring to integrated circuits, incorporating a combination of a Hall 
device with some electronic circuitry. These integrated circuits are usually called Hall ASIC 
(application-specific integrated circuit) or Hall IC. 
 
1.2.1 Applications of Hall Effect devices 
Hall effect devices are mainly used in two applications, as magnetic sensors and as a means 
of characterizing material. The Hall voltage of a Hall device can be considered as a signal that 
is carrying information. If the material properties, the device geometry and the biasing 
conditions are known, the Hall voltage can give information regarding the magnetic induction 
B. In this case, the Hall device can be used as a magnetic sensor. On the other hand, 
consider the fact that the biasing conditions and the magnetic induction of a Hall device with a 
known geometry are controlled. In this case, from the measured Hall voltage, important 
properties of the material that the device is made of can be concluded. In this case, the Hall 
device is used as a means of characterizing material.    
The development of semiconductor technology caused the sensor applications of Hall effect 
devices to become important. This is so, because the Hall effect is strong enough when 
semiconductor material are used. Therefore, the first Hall effect magnetic sensors became 
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commercially available in the mid-1950s. This is a few years after the discovery of high-
mobility compound semiconductors.  
 
1.2.2 The Hall Effect in Semiconductors 
In order to improve the Hall effect, materials should be found that do not have as many 
carriers per unit volume as metals do. These materials should have lower carrier density and 
thus exhibit the Hall effect more strongly for a given current and depth. Those materials are 
semiconductor materials such as silicon, germanium, and gallium-arsenide that provide the 
low carrier densities that are needed to realize practical Hall elements. In the case of 
semiconductors, carrier density is usually referred to as carrier concentration. In Table 1.1, 
the carrier concentration of various materials is presented [2] 
 
Material Carrier Concentration (cm
-3
) 
Copper 8.4  10
22 
Silicon 1.4  10
10 
Germanium 2.1  10
12 
Gallium-Arsenide 1.1  10
7
 




By inspection of Table 1.1, can be realized that these semiconductors material have carrier 
concentrations that are orders of magnitude lower than those that are found in metals. This is 
so, because in metals most atoms contribute a conduction electron. On the other hand, 
electrons in semiconductors become available for conduction only when they acquire enough 
thermal energy to reach a conduction state. This fact makes the carrier concentration highly 
dependent on temperature [2]. 
Nevertheless, semiconductor materials are rarely used in their pure form. Usually, 
semiconductors are doped with materials in order to raise their carrier concentration to a 
desired level. In order to make Hall effect devices, there are several advantages of using 
doped semiconductor materials. The first advantage comes from the fact that the low intrinsic 
carrier concentrations of pure semiconductors will be doped anyway. In this case, it will be 
unknown with what or to what degree those materials will be doped. The second advantage of 
using doped materials is that this allows the choice of the dominant charge carriers. In metals, 
electrons are the default charge carriers. There, no choice regarding the carriers can be 
made. On the other hand, in semiconductors there is the choice between electrons and holes. 
So, there is the choice between N-type material in which electrons are the majority carriers 
and P-type material in which current is carried by holes. It is noticed that for pure 
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semiconductors the carrier concentration is a strong function of temperature. In doped 
semiconductors the carrier concentration is resulting from the addition of dopants and it is 
mainly a function of the dopant concentration, which does not depend on the temperature. 
 
  1.2.3  Hall Effect Sensors 
Hall effect sensors consist basically of a thin piece of rectangular p-type semiconductor 
material. When the device is placed within a magnetic field, the magnetic flux lines cause a 
force on the semiconductor material which deflects the charge carriers (electrons and 
holes), to either side of the semiconductor. This movement of charge carriers is a result of 
the magnetic force that they experience while passing through the semiconductor material. 
As these electrons and holes move sideward a potential difference is produced between the 
two sides of the semiconductor material. Thus, the movement of electrons through the 
semiconductor material is affected by the presence of an external magnetic field. This effect 
is presented in Figure 1.3. 
 
Figure 1.3: Hall Effect Sensor 
 
1.3.   Hall Magnetic Sensors 
Magnetic sensors are devices that convert a magnetic field into an electrical signal. A Hall 
device can be used as a magnetic sensor, based on the classical Hall effect. A Hall effect 
sensor is a transducer that varies its output voltage in response to a magnetic field. Hall 
magnetic sensors are widely used because these sensors are cheap and are compatible with 
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low-cost integrated circuit technologies. Nowadays, Hall magnetic sensors are the most 
widely used magnetic sensors. They are not only used to measure a magnetic field, but also 
they can be applied for linear position, angular position, velocity, rotation and current. Hall 
magnetic sensors are used in various products like cars and disc drives in personal 
computers [7].  
Hall magnetic sensors encounter some basic characteristics. These characteristics are 
sensitivity, offset, noise, cross-sensitivity, non-linearity, frequency response and stability.  
 
1.3.1    Magnetic Sensors Characteristics 
1.3.1.1   Sensitivity 
Sensitivity in Hall sensors can be described by explaining the two main sensitivity coefficients, 
which are current-related sensitivity and voltage-related sensitivity. Current-related sensitivity 
is described by equation (1.9). Note that the n·t product denotes the surface charge carrier 
density in a homogeneous plate. The product n·t·e equals the charge of free electrons per 
unit area of the plate. The best option is to choose low-doped, small doping gradient layers. 
Such layers are usually used in magnetic sensors. Otherwise, the operation is done with 




GSV                     (1.11) 
Where G is the magneto-geometrical factor and w/l is the width to length ratio of the 
equivalent rectangle. Voltage-related sensitivity increases with a decrease in the effective 
device length. 
 
1.3.1.2   Offset 
Magnetic field offset appears due to the offset output voltage of a Hall magnetic sensor.  All 
Hall plates show an output voltage referred to as offset even when the magnetic field is 
absent, due to imperfections in the device and other transduction effects other than the Hall 
effect. Generally, the offset equivalent field is decreased as the Hall mobility is increased. The 
major causes of offset in Hall plates fabricated with silicon bipolar integrated circuit fabrication 
process are errors in geometry. The errors are due to etching randomness and rotation 
alignment [8]. Offset of a silicon Hall plate can be seriously affected by mechanical stress 
referring to piezoresistance effect [9, 10].  The piezoresistance effect is the main cause of 
offset. 
The offset causes the output voltage of a Hall plate to be the sum of the Hall voltage and an 
offset voltage. The offset voltage consists of a number of current-dependent terms and a self-
induced magnetic field. CMOS compatible elements and the spinning current method are 
used [11], in order to considerably reduce the offset of the output signal.  
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1.3.1.3   Noise 
There is noise voltage at the output terminal of a Hall device. This noise puts a limit in the 
measurement precision of the device. The noise in a Hall device is due to thermal noise, 
generation-recombination noise and 1/f noise. A convenient way to describe the noise 
properties of a magnetic sensor is in terms of resolution, which is also called detection-limit 
[2]. A high resolution can be achieved in a large Hall device made of high-mobility material 
and low 1/f noise parameter when it operates at high power level.  
 
1.3.1.4   Cross-sensitivity 
The cross-sensitivity of a magnetic sensor is its undesirable sensitivity to environmental 
parameters, such as temperature and pressure. For example, there could be temperature 
coefficient or also temperature coefficient of the voltage-related sensitivity. There are 
published techniques that are used in order to reduce cross-sensitivity of magnetic sensors 
[12]. 
 
1.3.1.5   Non-linearity 
A variety of non-linearity exists in Hall magnetic sensors. These are due to current-related 
sensitivity, material non-linearity, geometrical non-linearity and non-linearity due to the 
junction field effect. The current-related non-linearity will appear in a magnetic sensor if its 
sensitivity depends on magnetic field. The junction field effect non-linearity depends on the 
device structure, on the biasing conditions and the magnetic field [13].  
A technique that is proposed and used in order to compensate geometrical non-linearity is by 
loading the sensor output with a proper valued resistor. A drawback of this approach is that 
due to the very large non-linear temperature dependence on the resistivity of the Hall plate 
materials, it is extremely difficult to keep constant the ratio of the sensor output resistance and 
the load resistance. The material non-linearity and the geometrical non-linearity exhibit the 
same quadratic magnetic induction dependence, but this dependence has opposite signs. 
Someone can take advantage of this fact by cancelling out these two non-linearity effects. 
Non-linearity due to the junction field-effect can be compensated by adding half the Hall 
voltage to the junction bias voltage [14]. 
 
1.3.1.6   Frequency Response 
The frequency response to a magnetic field is frequency dependent due to parasitic effects. 
One of these parasitic effects is the relaxation time limit, which limits the Hall effect up to 
1THz. The main frequency limitation is due to inductive effects. An ac excitation current of a 
Hall plate produces a self-field, which may generate an inductive signal in the output circuit of 
the Hall plate. Also, an external ac magnetic field can produce inductive currents or voltages 
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in both input and output circuits of a device. The main parasitic effects are skin effect and 
eddy currents. Because of the presence of ac excitation current in a Hall device, ac self-
magnetic field is produced. This self-magnetic field forces the current to avoid the center of 
the device and to concentrate at the extremities of the cross-section of the device. This 
produces an increase in the device resistance in high frequencies. Also, if a Hall device is 
exposed to a fast-varying magnetic field, eddy currents will be induced in the device. Eddy 
currents have two main effects to the measurement of high-frequency magnetic fields. First, 
the Eddy currents tend to oppose the change in the field which induces them, which results in 
phase shift and decrease of the magnetic field acting on the Hall device. Second, in 
cooperation with the self magnetic field of a Hall plate, eddy currents produce an additional 
Hall effect. By designing very careful wiring of the device, in the case of high-mobility and 
high-current Hall devices, this might work well up to frequencies higher than 1 MHz. But in 
low-mobility Hall devices, such as silicon devices, the practical frequency limit is around 10 
KHz [2].           
 
1.3.1.7   Stability 
Hall magnetic sensors stability depends on the sensitivity of the device. The instability is 
proportional to the sensitivity. To cope with this problem, the Hall device active region should 
be isolated from the surroundings. In order to achieve this, a reverse-biased p-n junction can 
be used instead of a bare or oxidized surface [2]. 
 
1.4.   Applications of Magnetic Hall Effect Sensing 
Devices 
Applications of Magnetic Hall Sensors are presented below, which are divided in categories 
[6].  
Linear output sensor applications are: 
 Current Sensing 
o Disk drives 
o Variable frequency drives 
o Motor control protection/indicators 
o Power supply protection/sensing 
 Position Sensing 
o Pressure diagrams 
o Flow meters 
o Damper controls  
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o Brushless DC motors 
o Wiperless/contactless potentiometers 
 Encoded Switches 
o Rotary encoders 
 Voltage Regulators 
 Ferrous Metal Detectors (bias Hall) 
 Vibration Sensors 
 Magnetic Toner Density Detection 
 Tachometers 
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2. Current Sensing Technologies 
 
2.1 Current Sensing  
2.1.1   History 
From the beginnings of electrical engineering the quantification of the basic electrical units 
was a requirement for the work of physicists and engineers, as well as the basis for the 
commerce with electrical energy [1]. At first, it was the physical effects directly associated to 
the moving charge, like the force action of the magnetic field generated by a conductor, 
Joule’s heat or the dissociating action of a current passing through a conductive liquid.  
At the end of the 19
th
 century, the currents that were used for technical purposes had reached 
orders of magnitude that made impossible the direct measurement. In 1837, the tangent 
galvanometer was first described in a paper. This is a simple compass in the earth’s magnetic 
field influenced by the magnetic field of a current flowing around it, as it is presented in Figure 
2.1. In 1884, was reported a measuring shunt made of a copper conductor allowing the 
extension of the current range up to 200A which was considered sufficient at that time. In 
1893, currents of more than 10 KA were already measured. The instruments, at that point did 
not have closed magnetic circuits. Thus, the results were affected by stray magnetic fields 
and there was temperature dependence of the bus bars used as measuring shunts. The first 
effort to reduce this effect was reported in 1901, where the primary current was only partially 
linked to the secondary winding in order to reduce the effect of the external magnetic fields 
[1]. In the 1920s, current transformers for currents up to 50 KA and for voltages of up to 250 
KV were available. 
 
 
Figure 2.1: Tangent galvanometer 
 
Before 1930, the development of instruments to measure small magnetic fields, the so-called 
fluxgate magnetometers had begun. Although the Hall-effect was described much earlier, but 
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it was not able to built practical magnetometers until 1950s. Also, current transducers for 
large currents came up using Hall cells. In the first transducers the output voltage of a Hall 
cell in an air-gap was taken directly as a measure for an electric current flowing through the 
leak of the core. Later a compensation winding was added to achieve smaller errors. The 
measuring devices that were built at the end of the 1950s for aluminum plants reached errors 
smaller than 0.1%, which was sufficient for industrial purposes.   
 
2.2.   Overview of Integretable Current Sensor 
Technologies 
2.2.1   Main Industrial Technologies 
Today available on the market, there are more than 15 different designs or technologies that 
can be used for the measurement of the electric current, depending on the specific application 
requirements, such as peak or rms current, accuracy, bandwidth, environmental robustness 
or simply cost [2]. Those technologies can be divided into six main categories [1]: 
 AC transducers: limited to AC measurements, including the classical current transformers 
(CTs), Rogowski coil based transducers or a recently developed printed-circuit-board (PCB) 
technology. 
 Hall effect transducers: which can be derived into “Closed-Loop”, “Open-Loop” and “ETA 
technologies”. 
 Fluxgate transducers: with more than six main designs, each showing specific performance. 
 Other field sensing technologies: alternatives to the Hall cells have been deployed into 
current measurement (e.g. magneto resistance). 
 Shunt: referring to shunt based technologies. 
 MEMS current transducers: micro-electromechanical systems (MEMS) have been used for 
current measurement even if none of them is yet at a real industrial stage. 
Among these, the isolated technologies often measure the current by sensing the magnetic 
field it creates with different performances depending on the considered field sensing 
technologies. 
 
2.2.2   Current Sensor Technologies 
An overview is given of current sensing technologies that are suitable for packaging into 
integrated power electronics modules and integrated passive power processing units, such as 
integrated shunts and integratable Rogowski coils technologies [3]. The technologies that will 
be considered above are integrated current shunts, current transformers, Rogowski coils, 
Hall-effect current sensors, Giant Magneto Resistive Sensors and Magneto Impedance 
sensors. Integrated current sensors aim to achieve some main characteristics which are 
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compact size, compatible with manufacturing process, low cost, high bandwidth for high 
frequency operation, fast response, to introduce low parasitics, high reliability, high noise 
immunity and high stability with varying module temperature [3]. 
 Shunt: Although current shunts operate on the principle of the Ohmic voltage drop, practical 
shunts have intrinsic inductance which limits the accuracy and bandwidth. The main 
disadvantage of integrated current shunts is that these components lack of galvanic 
isolation. This has as a result the cost increment and complexity of shunts, in order to 
achieve isolation. Shunts have low resistance and low temperature coefficient of resistance 
(TCR). Although they are suitable for DC and AC measurement, are not suitable for 
applications up to tens of MHz.  
 Current transformer: Current transformers have been widely used for AC current sensing at 
frequencies up to tens of MHz. The advantages of this sensing technique are that it 
provides galvanic isolation and consumes little power. On the other hand, the 
disadvantages are that the measurement accuracy, the size and the cost can be degraded 
in some cases and the fact that current transformer introduces additional inductance to the 
current carrying conductor.  
 Rogowski coil: A Rogowski coil is a helix wound around a torus so that the wired ends are 
joined and is mainly used for isolated current measurements [4]. A basic configuration of a 
Rogowski current transducer is presented in Figure 2.2. The uniformly wound coil on a non-
magnetic material of constant cross-sectional area is formed into a closed loop. Thus, the 
voltage induced in the coil is proportional to the rate of change of current. This voltage is 
integrated, as it is presented in Figure 2.2, producing an output proportional to the current. 
The advantages of the Rogowski coil use are the capability of measuring large currents (a 
same sized coil can be used in order to measure 100 A or 100 KA), non-saturation, isolation 
between the testing circuit and the transducer, inexpensive, it can be used easily, has good 
linearity due to the absence of magnetic materials and is compact and with light weight. The 
main disadvantage of the current measurements using Rogowski coil is that high bandwidth 
cannot be achieved by this technique. 
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Figure 2.2: Basic configuration of a Rogowski current transducer 
 
 Hall effect sensor: The Hall effect sensor is a magnetic field sensor based on the Hall effect. 
Hall effect sensors are isolated devices that can be applied to both AC and DC current 
sensing, up to hundreds of KHz. That limited bandwidth of the Hall sensor is one of its main 
disadvantages. Due to its simple structure and compatibility with microelectronic devices, a 
Hall device can be monolithically integrated into a fully integrated magnetic sensor. The 
main advantages of the Hall effect sensors are that they can be fabricated using a 
conventional CMOS technology and that they are cheap. The Hall effect sensors mainly 
operate in closed loop modes for better accuracy and wider dynamic range. The future of 
the Hall devices will depend on the improvement of sensitivity and reduction of offset.  
 GMR current sensor: The Giant Magneto Resistive Sensor (GMR) principle of operation is 
based on the Giant Magneto resistive (GMR) effect, which is the change of the electrical 
resistance with the magnetic field. GMR sensors can be effectively used to sense the 
current by measuring the magnetic field that is generated by the current. The main 
advantage of this technique is that the GMR sensors can be placed in such a topology that 
the sensitivity can be improved and the temperature dependent effects can be minimized. 
The main disadvantage of these sensors is that it is not possible to be integrated and have 
to be used as an added component. 
 MI Current Sensor: The principle of operation of the Magneto Impedance (MI) sensors is 
based on the Magneto Impedance (MI) effect. The MI effect refers to the variation of the 
impedance of a magnetic material carrying a low intensity, high frequency AC current when 
it is subjected to an external magnetic field. The advantages of the use of this current 
sensing technique are low cost, small size, high sensitivity and wide bandwidth. These 
advantages provide them with the potential in order to become an alternative to the existing 
current sensors. The main disadvantage is that the material technology is very complicated. 
Today, mainly only the Hall effect and GMR are used for current transducers made in large 
quantities [1].  
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2.2.3     Hall Effect Technologies 
The three Hall effect based technologies used for AC and DC current measurement are 
discussed below [1]. 
 
2.2.3.1   Hall Effect Open Loop Current Transducers 
Open-loop Hall effect transducers use a Hall sensing element placed into the air gap of a 
magnetic circuit, like the one that is presented in Figure 2.3 [1]. 
 
 
Figure 2.3: Open-loop Current Transducer 
 
The magnetic induction detected by the Hall cell is theoretically proportional to the primary 
current to be measured. Measurement inaccuracies are mainly due to magnetic and 
electronic non-linearity, as well as offsets that are created by the Hall cell, the processing 
electronics and the magnetic circuit hysteresis. The use of a magnetic circuit offers several 
advantages, like to focus on the field of the Hall cell, to amplify the field magnitude and to 
shield against external magnetic perturbations. 
Open-loop transducers ensure galvanic isolation and are able to measure DC, AC and 
complex current waveforms. Among their advantages are low power consumption, reduced 
weight and size, relatively low priced and in general well suited for industrial applications. The 
main drawbacks of the open-loop transducers are moderate bandwidth and temperature 
dependence of the measurement accuracy. In specific applications, high frequency eddy-
current loses may be a limiting factor.  
Overall accuracy is in general in the range of a few present due to DC offset at zero current, 
DC magnetic offset, gain and linearity error, amplitude attenuation and phase shift when the 
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bandwidth limit is reached and noise. Additional errors are due to temperature variations and 
offset drift.   
 
2.2.3.2   Hall Effect Closed-Loop Current Transducers 
The difference between the open-loop and the closed-loop current transducers is that the 
later have a built-in compensation circuit which improves performance. The closed-loop 
current transducer is presented in Figure 2.4. The Hall cell of closed-loop current transducers 
drive a secondary coil current in a way that the magnetic field in the air gap equals zero. Hall 
effect closed-loop transducers are ensuring galvanic isolation and are capable of measuring 
AC, DC and complex current waveforms. Among their advantages are excellent accuracy and 
linearity, low temperature drift and higher bandwidth (mainly up to 100 KHz, and occasionally 
goes up to 300 KHz). The main drawbacks of the closed-loop technology are the higher 
power consumption, the larger dimensions and higher costs compared to simpler open-loop 
designs. At high frequencies, the measuring performance is set by the current transformer 
performance.   
 
 
Figure 2.4: Closed-loop Current Transducer 
 
2.2.3.3   Hall Effect ETA Transducers 
Hall effect ETA transducers employ a combination of open-loop and closed-loop technologies. 
At low frequencies (2-10 KHz) they work as open-loop transducers, thus the Hall cell is 
providing a signal proportional to the primary current to be measured. At high frequencies 
they work as current transformers. These signals are electronically added in order to form a 
common output signal, as it is presented in Figure 2.5. ETA transducers provide galvanic 
isolation and are capable of measuring AC, DC and complex current waveforms. Among their 
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advantages are high bandwidth (the typically higher frequency limit is 100 KHz) and low 
power consumption. Their major drawback is the big size of the magnetic circuit. At low 
frequencies, ETA technology measurements accuracy has larger sensitivity to temperature 
changes. Also, the cost for ETA technologies is higher than simpler open-loop designs. 
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3. Electromagnetic Theory & Eddy 
Currents 
 
3.1 Maxwell’s Equations 
Maxwell’s equations are named after the Scottish physicist and mathematician James Clerk 
Maxwell, since these equations are all found in an early form in a four-part paper which he 
published between 1861 and 1862. The mathematical form of the Lorentz force law also 
appeared in this paper. 
Maxwell’s equations are a set of partial differential equations that, together with the Lorenz 
force law, form the foundation of classical electrodynamics, classical optics and electric 
circuits. The former, in turn form the basis for modern electrical and communications 
technologies.  





                    (3.1) 
Where   is the magnitude of the electromotive force and ΦB is the magnetic flux. An 
electromotive force is merely a voltage that arises from conductors moving in a magnetic field 
or from changing magnetic fields [1]. The minus sign is an indication that the electromotive 
force is in such a direction as to produce a current, whose flux when added to the original flux 
would reduce the magnitude of the electromotive force. The electromotive force can be 
defined by equation (3.2) 
    dlE

                    (3.2) 
where l denotes a closed path. Replacing Φ in equation (1) and substituting the result in 
equation (3.2), equation (3.3) is derived 







                  (3.3) 
Here, the fingers of our right hand indicate the direction of the closed path, and our thumb 
indicates the direction of dS.  
Now, let’s consider a stationary path. The magnetic flux is the only time-varying quantity on 
the right side of equation (3.3). Applying Stoke’s theorem to the closed line integral and after 










                    (3.4) 
This is one of Maxwell’s equations, written in differential.  
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If B is not a function of time, equations (3.3) and (3.4) reduce to the electrostatic equations 
(3.5) and (3.6) 
    0ldE

                   (3.5) 
  0 E                    (3.6) 
Thus, Faraday’s experimental law has been used to obtain one of the Maxwell’s equations in 
differential form. According to equation (3.4) a time varying magnetic field produces an 
electric field. 
Ampere’s circuital law as it applies to steady magnetic fields is presented in equation (3.7) 
  JH

                    (3.7) 
The magnetostatic field is related to the current that produces it, according to the above 
equation. In the case of time varying fields, it is found that an additional term must be added. 
This term is tD  /

 and is termed as displacement current density. Displacement current is 
not an electric current of moving charges, but a time varying electric field. Displacement 
current has the units of electric current density and it has an associated magnetic field. The 
idea of displacement current was conceived by Maxwell and added it to the electric current 
term in Ampere’s Circuital Law.  
This term acts as though it is an additional current that helps to produce the magnetic field H. 










                  (3.8) 
This is another second one of Maxwell’s equations.   
The relationship between the H and B fields is given in equation (3.9), where μ is permeability 
  /BH

                    (3.9) 
A second form of equation (8) can be obtained by applying Stoke’s theorem and is derived in 
(3.10) 











     











               (3.10) 
Equation (3.10) can be considered the integral form of equation (3.8) and equation (3.8) can 
be called the differential form, respectively. Equation (3.10) is the more general form of 
Ampere’s circuital law that applies when a time varying field is present.  
One formulation of the relationship between the electrostatic field and the charges that 
produce it is known as Gauss’ Law, which is presented in equation (3.11) 
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                (3.11) 
where Q is the total charge enclosed by the surface. The surface integral can be thought of as 
the outflow or flux of the field ε·E through the surface S. In addition to the electric field E

, a 
second electric vector D





 D                   (3.12) 
The reason for the definition of this second vector is that permittivity ε often varies with 
position. By integration of equation (3.11), equation (3.13) is derived 




                 (3.13) 
where ρ refers to the total charge. This is the third of Maxwell’s equations and remains 
unchanged from its non time varying form. 
The forth of Maxwell’s equations is also the same as its non time varying form and is 
presented in equation (3.14) 
  0 B

                             (3.14) 
and its integral form is presented in equation (3.15) 




                 (3.15) 
The equations that are presented are the macroscopic Maxwell equations, which mean that 
these equations apply to fields in bulk materials such as gases, liquids and solids. Maxwell’s 
equations are valid for time varying fields.    










 , which states that a time-varying magnetic field can 










, which states the relationship between a magnetic field 
and a given current. In the relationship the extra term which is called displacement 
current is included. 




, which can be written as  D

. This equation 
states that electric fields can start and end on charges.  
4. Equation 0 B

, which states that there are sources or sinks with magnetic field. 
This means that B lines never start or end, instead they form closed loops.   
Here, it would also be useful to define the magnetic vector potential A

, which is presented in 
equation (3.16) 
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                   (3.16) 
The magnetic potential can be useful as a computational tool for finding the magnetic field, 
much in the same way as the electric potential is useful ( VE 

).    
Like all set’s of differential equations, Maxwell’s equations cannot be uniquely solved without 
a suitable set of boundary conditions and initial conditions. 
 
3.1.1   Boundary Conditions 
It often happens that magnetic or electric fields are present at the boundary of two different 
materials. This raises the question of how the fields on one side of the boundary are related to 
those on the other side, and also raises the need of derivation of boundary conditions. The 
four Maxwell’s integral equations can be used to find the boundary conditions of B, D, H, and 
E. Boundary conditions are necessary in order to solve Maxwell’s equations in partial 
differential form. 
First, let’s think of magnetic fields that are present at the boundary of two different materials. 
Two cases must be considered, the components that are tangential to the boundary and the 
components that are normal to the boundary. For any materials with different conductivity, 
equation (3.17) is valid for the tangential components 
  21 TT HH                   (3.17) 
and equation (3.18) is valid for normal components 
  N22N11 HH                   (3.18) 
where μ stands for the permeability of each material. 
The equation that is valid for the tangential components of the magnetic field is presented in 
(3.19) 
  21 NN BB                   (3.19) 
and the equation for normal components is presented in (3.20), respectively 
   21 NN DD                 (3.20) 
where σ is the surface charge per unit area on the interface.  
At an interface between two dielectrics, equation (3.21) is valid for tangential components 
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3.2.   Eddy Currents 
3.2.1   Main Principle 




Figure 3.1: Hall plates placed above and below current carrying conductor 
 
As it is presented in Figure 3.1, Hall plates are placed above and below a conductor. Current I 
is flowing along the conductor. On the left figure, the current carrying conductor induces 
magnetic field B at the Hall plates in the direction that it is presented in the figure. On the right 
figure, the eddy currents effect is presented. The primary magnetic field that is induced, 
induces eddy current in the plates. These eddy currents induce a secondary magnetic field. 
The secondary magnetic field is opposing to the primary magnetic field.  
 
3.2.2   Eddy Currents in Hall Plates 
If a conductive device is exposed to a varying magnetic field, eddy currents will be induced to 
the device [2]. Hall plates are affected by eddy currents. Eddy currents have as a result two 
effects, which are 
 Phase shift and diminution of the magnetic field which acts on the galvanomagnetic device 
 Produce an additional Hall effect 
According to Lenz’s law, eddy currents tend to oppose the charge which induces them. The 
result of this fact leads to the first effect that is presented above. Suppose that a think, long, 
rectangular Hall plate is exposed to a perpendicular ac magnetic field. Eddy currents are 
produced and the density of these eddy currents increases linearly as we approach the plate 
periphery. The magnetic field which is produced by eddy currents has a maximum along the 
symmetry axis of the plate [1]. The ratio of this maximum magnetic field and the excitation 
magnetic field is calculated in equation (3.22) 
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 0                     (3.22) 
where 0 is the carrier mobility, f is the frequency of the excitation magnetic field, SR  is the 
sheet resistance of the plate and W is the width of the plate. The sheet resistance can be 








SR                 (3.23) 
where d is the thickness of the plate, ρ is the resistivity of the plate and σ is the conductivity of 
the plate.  
The second effect caused by the eddy currents is the production of an additional Hall effect. 
For an ac excitation magnetic field, the total current density in the plate is given by the 
summation of the current density in the Hall plate produced by the input current  iJ  and the 
eddy current density  eJ  as it is described in equation (3.24) 
  eitotal JJJ                  (3.24) 
The total magnetic field acting on the plate is presented in equation (3.25) 
  Si BBB                   (3.25) 
where iB  is the input magnetic field and SB is the self-field produced in the plate by the 
excitation current. The magnetic field produced by eddy currents is neglected in equation 
(3.24). Thus, the Hall voltage can be obtained by equation (3.26) 
  HeHiH VVV                  (3.26) 
In equation (3.24), is not used the symbol of exact equality, because the calculation of SB  is 
approximated by a linear function. Here, HiV is the ordinary Hall voltage and HeV is the Hall 
voltage produced by the coupling of the self magnetic field and eddy currents. The ratio of 











                (3.27) 
This ratio is quite the same as the one described in equation (3.22). This means that these 
two effects become noticeable for about the same frequency. 
 
3.2.3   Skin Effect 
Conductors may be used to transmit electrical energy or signals, using an ac current flowing 
through that conductor. The charge carriers constituting that current are accelerated by an 
electric field. An alternating current may also be induced in a conductor due to an alternating 
magnetic field, as it is already described above. The current density is found to be greater at 
the conductor’s surface.    
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 18:40:50 EET - 137.108.70.7
Galvanically Isolated, Wide-Band Current Sensors   
 
 45 
The skin effect in semiconductors and Hall plates consecutively, is due to opposing eddy 
currents induced by the changing magnetic field resulting from the ac current. Skin effect is 
the tendency of an alternating electric current (ac) to distribute itself within a conductor with 
the current density being largest near the surface of the conductor and decreasing at greater 
depths. In other words, the electric current flows mainly at the “skin” of the conductor, at an 
average depth called the skin depth. The skin effect causes the effective resistance of the 
conductor to increase at higher frequencies where the skin depth is smaller. Usually, at high 
frequencies the average depth at which the electric current is flowing is much smaller.  
Skin depth depends on the conductivity and permeability of the conductor. Skin depth is 
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4. Readout Circuit 
 
4.1  Basic Circuits and Building Blocks 
4.1.1     The CMOS Differential Cell (Basic Transconductance) 
Figure 4.1 shows the basic CMOS differential pair. It consists of a pair of NMOS transistors 
(MN0 and MN1) and a pair of PMOS transistors (MP0 and MP1), biased with a constant 
current source I. This source in the actual implementation of the circuit is implemented using 










 stands for the channel-length modulation effect.  
 
 
Figure 4.1: The CMOS differential pair 
 
The circuit of Figure 4.1 has two differential voltage inputs and two differential current outputs, 
thus it makes a differential transconductance amplifier. The circuit of Figure 4.1 can be 





















  (4.4) 
In the general case of 0 , the following equations can be calculated. 
10BIASNi BIASNBIASN ii   
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Kn  , oxn CKn    
Following the same calculation procedure the corresponding BIASPi  current can be calculated 

















Kp  , oxp CK  p  
Symbols BIASNi  and BIASPi  stand for the current connected to the NMOS and PMOS pairs 
respectively.  
In the following equations (4.7) and (4.8), currents Ni  and Pi  are calculated. These 
currents stand for the differential currents of NMOS and PMOS pairs respectively. 
 tNNCM Vvvv  NNi                    (4.7)    
 tPP Vv  CMPP vvi                    (4.8) 











Vvv                   (4.9)
  
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 18:40:50 EET - 137.108.70.7












Vvv                 (4.10)
  
NBIASBIASN vIi  BIASI                  (4.11)
  
PBIASBIASP vIi  BIASI                  (4.12)
  
Assuming that the NMOS and PMOS transistors are matched, this means that   pn  
and tPtN VV tV  equations (4.13)-(4.16) can be derived. These equations describe the 
performance of the basic transconductance.  

















             (4.14)
  
vGΔi D   where vI2
2
BIAS  DG                (4.15) 
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Figure 4.2: Actual implementation of the Basic Transconductance Circuit 
 
In Figure 4.2 the actual implementation of the Transconductance Amplifier is presented. Two 
pairs of MOS current sources are used, which consist of the transistors MN2, MN3, MP2 and 
MP3. Also two pairs of MOS capacitors are added, these consist of the transistors MN4, MN5, 
MP4 and MP5. These capacitors are also used as dummy structures in order to protect 
transistors MN1, MN2, MP1 and MP2 from process gradients.  
The dummy structures are used because of the asymmetry of some parts of the circuit, for 
example regarding transistors MN1 and MN0. When the layout of this circuit is designed 
these transistors do not see the same environment. Thus, dummy structures are added, in 
order to reduce the mismatch and the asymmetry.     
The Transconductance Amplifier is connected in specific topologies in the final circuit. These 
topologies will be analyzed below.  
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4.1.2   CMOS Current Mirror 
The CMOS current mirror is presented in Figure 4.3. 
 
 
Figure 4.3: CMOS Current Mirror 
 
The input current of the CMOS current mirror is symbolised by INI  and the output current is
OUTI . The NMOS and PMOS transistors are matched, this means that 
 
L
WK  pn  and tPtN VV tV . Ideally, no current enters GND terminal, 
which is connected to the Gates of MN3 and MP3 transistors. This means that the input 
resistance is infinite.  
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V -B                  (4.18) 
Currents 0MNi  and 0MPi  that are flowing through transistors MN0 and MP0 respectively, are 

























Vvi     

































     





              (4.20) 
The input INi  current can be calculated in equation (4.21), by using equations (4.19) and 
(4.20), as it is presented bellow. 
















INZ                   (4.22)
  
GNDINININ VZiv                   (4.23) 
The input current is copied through the current mirror to the output, thus equation (4.24) can 
easily be derived. 
  INIMNMPIOUT iAiiAi  00                 (4.24)
  
The actual implementation of the CMOS current mirror is presented in Figure 4.4. 
 
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 18:40:50 EET - 137.108.70.7




Figure 4.4: Actual implementation of the CMOS Current Mirror 
 
Two pairs of MOS capacitors are added (MP4, MN4, MP5 and MN5) and are used as dummy 
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4.1.3   Bias Circuit 
The Bias circuit is presented in Figure 4.5. 
 
 
Figure 4.5: Bias Circuit 
 
 
The bias circuit generates voltages a)  BIASBIAS VV ,  , b)  BB VV ,  and c)  BBBB VV , . The 
values of the later voltages (c) are controlled by the external voltage SCONV and can be used 
for gain-amplitude control of the transconductance amplifier as it will be explained later.  












                  (4.25) 
Where 01,  and   are standing for the beta parameter of transistors MP1, MP0 and MN0-
MN3 respectively. Regarding the fact that both of the resistors 1R  and 2R  exhibit different 
TC’s (temperature coefficient), their values may be adjusted so as to a) set BIASI  and b) 
stabilize it against temperature. 
Transistors MN4-MN7 serve as startup circuit as well as to produce the GNDV  signal. 
Transistors MN8-MN11 and MP2-MP4 generate the biasing voltage signals. Transistors 
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MN12-MN13 and MN15-MN16 serve as current sources biasing the differential cell made of 
MN14 and MN17 that has active load built of MP5-MP8. SCONV  signal can be employed to 
generate a variable biasing current in MN18-MN19 and MP9-MP10. ((Resistors 43 ,RR  are 
used as negative feedback to stabilize the transconductance of the differential cell. Their TC 
values are complementary, so as to stabilize the response of the cell against temperature)). 
The biasing circuit has an extra functionality. The circuit can be used and generate biasing for 
both cases of differential or not differential input. In other words it can bias circuits with the 
options of VCM=0 V or VCM=1.6 V. At this point, it should be noticed that the supply voltage for 
the first case is equal to VDD=3.2 V and the ground voltage is equal to VSS=0 V.  When 
VCM=1.6 V is used, the supply voltage is equal to VDD=+1.6 V and the ground voltage is equal 
to VSS=-1.6 V. This functionality can be applied because of the fact that the biasing circuit also 
generates VGND voltage. This option was necessary at the beginning of the design, since there 
was a doubt regarding the VCM voltage of the inputs of the complete circuit that is described 
here.     
 
4.1.4   Operational Transconductance Amplifier  
Figure 4.6 presents the configuration of the Operational Transconductance Amplifier, 
hereafter called OTA.  The Operational Transconductance Amplifier consists of two Basic 





Figure 4.6: Operational Transconductance Amplifier (OTA) 
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The Transconductance Amplifier is connected in two different configurations in the final 
system design. The first configuration is presented in Figure 4.7. In this configuration the 
outputs FBV and FBV are connected to capacitors. The two capacitors that are connected to 
these pins have equal values. From inspection of Figure 4.7, the voltages  FBFB VV ,  can be 














)(V -FB  

 outI                 (4.27) 
 
 
Figure 4.7: First OTA Configuration 
 
Also, equations (4.28) and (4.29) are valid for the circuit of Figure 4.7. 
  INGFB VAV                   (4.28) 
  INGFB VAV                   (4.29) 
Where GA is the amplifier’s gain. 
From now on the OTA with feedback will be represented by the symbol presented in Figure 
4.8. 
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Figure 4.8: OTA Symbol 
 
The second configuration of the OTA is presented in Figure 4.9. This second circuit consists 
of Basic Transconductance Amplifiers, Current Mirrors and Resistors. It consists of two 
























Figure 4.9: Second OTA Configuration 
 
The output currents 1OI  and 2OI can be calculated using equations (4.1)-(4.4), (4.15), (4.16) 
and (4.24), as follows. 
11 INIO iAi     
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22 INIO iAi         


















































































Gi             (4.30) 


















































































Gi             (4.31) 
 
  211 ININICMFBCMFB iiAZv                  (4.32) 
Where CMFBZ  is the total impedance of the node CMFBv  against the analog ground. 
2INFCMFBFB iRvv                   (4.33) 
1INFCMFBFB iRvv                   (4.34) 
Substituting equations (4.34) and (4.33) in equations (4.30) and (4.31) respectively, the 
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4.2.   System Implementation 
This circuit is designed for use as a readout circuit for current sensing applications. The circuit 
has wide bandwidth that ranges from DC up to 1MHz. In order to achieve this functionality two 
types of magnetic sensors are used, one capturing low frequency components and one for 
high frequencies. A Hall device serves the first purpose and a pick-up coil printed on a PCB 
board serves the second. Due to offset voltage and temperature stability, Hall sensors are 
limited to measurements up to few KHz. Pick-up coil performance is not good at DC, but is 
performing well at higher frequencies. 
This work includes two tape-outs and accordingly there were two system designs. The first 
circuit design is presented in Figure 4.10. 
 
 
Figure 4.10: First design of the Readout Circuit 
 
The Final Readout Circuit that is designed is presented in Figure 4.11. This readout circuit, 
merges the signal from the coil and the signal from a Hall sensor.  
The difference between the two designs is that the first design does not have an amplifier with 
output capacitors in order to exact match the frequency response of the output signal. The 
two designs are quite similar, so the following description of the second design also 
corresponds to the first one. 
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To the writer’s knowledge, the only counterpart attempt that was done in the past is described 
in [1]. The difference with that design concept is that the second input is a Rogowski coil 
instead of a pick-up coil that is used here. The first input is also a Hall device.   
 
 
Figure 4.11: Readout circuit Final Design 
 
The readout circuit consists of Operational Transconductance Amplifiers, Current Mirrors and 
RC filters.  
It should be mentioned here that the circuit would function in the same manner if the mirror 
pair is removed. In this case the current gain becomes equal to zero and the common-mode 
rejection ratio of the OTA is not infinite. The input terminal of the current mirror is a low 
impedance node, this terminal sinks the common-mode current and generates a common-
mode feedback voltage. 
The first input of the circuit is the coil’s output and the second input is the Hall sensor’s output 
signal. The Hall sensor response can be described as a low pass filter [1] and the coil’s 
response as a high pass filter [2]. The Hall sensor will also be referred to as magnetometer.  






















              (4.34) 
where refV  is externally supplied reference voltage, bbk  is the constant relating the measured 
current (bus bar constant) measI  and the magnetic field generated measB . Parameters 1R and C 
define the nonlinear integrator and scanf  is the scanning frequency [3]. According to the 
sampling theorem scanning frequency should be at least two times greater than the 
measuring frequency. 
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The pick-up coil for high frequency range gives a signal proportional to measc fk  π2 , where 
measf  is the frequency of the measured current and ck is the coil’s constant [3]. The equation 
that describes the coil’s output voltage is calculated in (4.35) 
 measmeas f2cosf 2   measccoil ISkV               (4.35) 
where S is the surface of the coil and can be described by equation (4.36) 
ANS                      (4.36) 
where N is the number of the coil’s turns and A is the area of each turn. Also, the current 
measI  can be calculated according to equation (4.37) 
  meas(max) f2sin  measmeas II                 (4.37) 
Substituting the following equation (4.38)  
measbbmeas IkB                    (4.38) 














                 (4.39) 






V               (4.40) 
The merging circuit is designed in order to add these two signals and get at the output a flat 
signal up to 1 MHz. Also, according to the output measured voltage (calculated in (4.35)) the 
magnetic field measB  is calculated.  
According to equation (4.39) the magnetometer’s output voltage response encounters a pole 








 . This response is a low pass frequency response 
and the corner frequency is measured at about 30 KHz [3]. According to equation (4.40) the 
coil has a highpass frequency response.     
The RC filters are added at the outputs of the system in order to introduce cut-off frequency at 
1 MHz. This is done according to the requirements of the system function, which is flat output 
frequency response up to 1 MHz.    
The merging circuit adds these two signals, the signal from the magnetometer and the signal 
from the coil.  
 
4.2.1   Frequency Response 
The use of the circuit is as a wide-band magnetometer for current sensing applications. The 
frequency response block diagram of the circuit is presented in Figure 4.11. 
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Figure 4.12: Frequency Block Diagram 
 
In Figure 4.11, is presented the frequency block diagram of the fabricated final chip. The 
signal from the coil is described by a high pass frequency response equation and at this 
response, a pole is introduced. The signal from the Hall magnetometer can be described by a 
low pass frequency response equation. At the final chip, an RC filter is connected externally 
to the output, as it is presented in Figure 4.10. The values of the RC filter components are the 
same for both outputs. Thus, adding these filters to the frequency block diagram of Figure 
4.11, the final diagram is presented in Figure 4.12. 
 
 
Figure 4.13: Final Frequency Block Diagram 
 
In Figures 4.11 and 4.12, the signals are described by general form equations in the 
frequency domain. In Figure 4.13 the actual implementation of the final frequency block 
diagram is presented, including the actual frequency response equations. 
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Figure 4.14: Actual implementation of the Frequency Block Diagram 
 
In Figure 4.13 there are equations that describe the system’s signals and will be explained 






, S  and measB . )(sHH describe the high pass response of the coil. 
)()(1 sBsHA measH                          (4.41) 
Equation (4.42) represents the coil’s signal at the output of the amplifier that is added at the 
system in order to introduce a pole with varying amplitude and varying cut-off frequency at the 
frequency domain response. 
)(var sHA L                        (4.42) 
Where varA stands for the (externally) varying gain which is introduced at this point of the 
system and )(sH L describe the low pass filter which is introduced. Its cutoff frequency is 
controlled by the values of the capacitors (cap), which are presented in Figure 4.10.   
)(sHG LHall                         (4.43) 
Equation (4.43) describes the magnetometer’s signal, where GHall is the gain of the Hall low 
frequency channel and is given by equation (4.44) [4] and )(sH L refers to the pole that is 







Hall                    (4.44) 
Equation (4.45) describes the RC filter’s response, where R, C refer to the values of the 
resistor and capacitor of the filter.  
 CRs 1
1
                   (4.45) 
In the actual implementation of the system, the first output signal X1(s) of Figure 4.13 can be 
described by equation (4.46). The second output signal X2(s) can be described by equation 
(4.47), respectively. These two output signals are added at the output of the system, as it is 
also presented in Figure 4.13.  
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)()()(2               (4.47) 
 













































































       (4.48) 
 
By inspection of equation (4.48), measB  can be calculated if the poles and the zeros are 
matched in order to achieve flat output frequency response.  
According to simulation and measurement results that are presented below, this can be done 
in order to achieve flat output frequency response. 
 
4.3.   Readout Circuit Design 
The design of the Readout Circuit is done according to the following tradeoffs: 
 Amplifier’s Gain, having also in mind that the circuit is connected in feedback 
topology. Thus there is also a frequency-amplitude tradeoff. 
 Small area of the final chip. 
 Restrictions that may arise according to the inputs, the coil’s and the magnetometer’s 
signals. 
The Basic OTA gain is chosen in order to have adequate signal amplification, avoid 
oscillations and fulfill the input signals restrictions. 
The OTA’s gain is calculated according equation (4.49) 
 Gm=Vo/(Vi∙RL)                  (4.49) 
Where Gm is the OTA’s gain, Vo and Vi are the output and input voltage signals respectively 
and RL is a resistor that is connected to the output for calculation purpose. Here Gm=1. This 
selection is done in order to be sure that no oscillations will occur, since the system is 
)()()( 21 sXsXsX 
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connected in feedback loop and consists of coil and resistors. Besides that, in order to 
compare it with a similar design [3], also the output gain that is described there is low.   
The gain is mainly proportional to the size of the transistors and in accordance to the current. 
There is a limitation in the total layout size of the design. The layout size is proportional to the 
size of the transistors. So, there is tradeoff between the gain and the size. The size that is 
chosen is considered the most convenient in order to have enough gain, small overall design 
size and avoid the possibility of oscillation. The OTAs used at this design should and do have 
enough phase margin in order to be sure that the circuit will not oscillate since it is connected 
in feedback configuration. 
Also, an important parameter is the restriction that may arise according to the signals at the 
inputs of the design. During the design, the input’s performance and signals was taken into 
account.  
It is important here to highlight the fact that compensation resistors and capacitors cannot be 
used because the flat frequency response at the output will be changed and as it has already 
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5. Simulation & Measurement 
Results 
 
5.1 Simulation Results 
The design of the circuit and the simulation results that are presented here are simulated with 
Cadence tool [1]. The design process is austriamicrosystems [2] AMS 0.35 , H35B4D3, High 
Voltage. The reason for this choice is that this design is a part of a bigger one which 
incorporates Hall sensor and the Hall sensor had to be developed in this process. The choice 
of this process was also convenient for this design part. 
 
5.1.1   Input models 
In order to simulate the system, the first step was to model the inputs of the system. Thus, a 
model for the flat coil is designed as the first input and a model for the Hall sensor’s response 
is designed as the second input. The Hall sensor hereafter will be also called as 
magnetometer. These models are designed in accordance to the measurements and 
response results of the flat pick-up coil and the Hall magnetic sensor.  
The coil and the Hall sensor measurements are based on a magnetic field and are 
proportional to a corresponding voltage. Thus, in order to design the models, there is the 
same voltage at the input of the coil and the magnetometer which stands for the magnetic 
field measurement. Besides that, the Hall sensor and the coil have a specific gain. These gain 
values are also included in the Cadence models that are designed. These values are 
calculated according to the flat pick-up coil report [3] and to the magnetometer’s response. 
The models that have been designed in Cadence are presented in Figure 5.1. There is a 
common input voltage source at the input of the two models. At the upper part of Figure 5.1 
the coil’s model is presented and below is the Hall sensor’s model, respectively. By inspection 
of Figure 5.1, the parasitic resistance and capacitance of the coil are included in the model 
design. The values are those that have been measured in [3]. Also, the Hall sensor is 
modeled as an RC filter, according to the report of the Hall sensor’s designer [4]. 
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Figure 5.1: Cadence schematic of input models 
 
5.1.1.1   Pick-up Coil 
A pick-up coil can measure a current waveform according to the change of the magnetic flux. 
A coil which has a couple of turns can be used as a sensor, having also the advantage of a 
compact and simple structure. According to the report for the flat pick-up coil [3] using 








                   (5.1) 
Where S is the total surface, tBB sinmax                  (5.2)  
tSBU pickup  cos0                   (5.3) 
fNABSBU pickup  2maxmaxmax                   (5.4) 
For the coil that is used here the numbers of turns are 4 and the surface of each turn is 5mm
2
. 
According to the flat-coil report [3] L=0.2uH and R=0.2 Ohm. At the model that is presented in  
Figure 5.1, there are also two capacitors in order to model the parasitic capacitance of the 
coil. As it is presented in Figure 5.1, there is an input voltage reference source. The input 
current of the pick-up coil is modeled as a controlled voltage current source. The gain of this 
current source is calculated in accordance to the results of the pick-up coil report [3].  
 
5.1.1.2   Hall Sensor - Magnetometer 
The Hall sensor’s response is modeled as an RC filter with the corner frequency measured at 
about 30 KHz [4,5]. There is a controlled voltage, voltage source at the input of the RC filter in 
order to model and include the magnetometer’s gain.     
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5.1.2  Simulation Results with modeled inputs 
In Figure 5.2 the simulation results for the two inputs are presented in the frequency domain. 
On the right part of Figure 5.2, the coil’s response is presented and on the left part the RC 
filter’s (Hall sensor’s) response is presented, respectively. By inspection of Figure 5.2, the 
coil’s frequency response is a high-pass response while the Hall sensor’s response is a low-
pass frequency response. 
 
Figure 5.2: Input models’ Frequency Response 
 
 
Figure 5.3: Coil’s response 
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As it has already been described, a pole is introduced into the coil’s response. The frequency 
response of the coil, before and after the influence of the pole is presented in Figure 5.3, the 
figures on the left and on the right part respectively. This is done in order to be able to add the 
signal from the coil and the signal from the Hall sensor in order to get a flat output frequency 
response. When the parameters of the system are chosen in order to match the pole and 
amplitude from the coil and the pole and the amplitude from the magnetometer, the frequency 
response at the output is flat.  
The system is designed in order to be able to change the corner frequency and the amplitude 
of the coil’s response that is presented in Figure 5.3 and thus match the two signals at the 
output. The corner frequency can be changed by changing the values of the capacitors (cap) 
of the readout circuit (described in Chapter 4). The amplitude can be changed by changing 
the SCONV  input voltage that is applied by the biasing circuit.  
In Figure 5.4 the frequency response results of the input voltages and the output currents are 
presented, for different values of the capacitors (cap). It should also be highlighted here that 
the values of both capacitors are the same.   
 
 
Figure 5.4: Input voltages and output current frequency response for varying cap values 
 
As it is presented in Figure 5.4, for different capacitors values there are different corner 
frequencies. The low-pass response of the left part of Figure 5.4 is the magnetometer’s 
response and the high pass response is the coil’s response. As it is presented, the coil’s 
response varies in accordance to varying capacitors values. Thus, the appropriate corner 
frequency can be adjusted and applied in order to match the signals and get flat output 
response. In Figure 5.5, the corresponding output voltage response for varying capacitors 
values is presented. 
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Figure 5.6: Input voltages and output current frequency response for varying amplitude values 
 
In Figure 5.6 the frequency response results of the input voltages and the output currents are 
presented. Here, also the magnetometer’s and the coil’s response are presented on the left 
part of Figure 5.6, but in this case the OTA’s gain exhibits different values. The OTA’s gain 
can be controlled by the VSCON voltage of the biasing circuit. For varying VSCON values, 
varying biasing current values and varying OTA’s gain values are achieved and in accordance 
varying amplitude signal values. The appropriate value of the OTA’s gain and the VSCON 
voltage can be chosen and applied in order to match the signals and get flat output frequency 
response. In Figure 5.7, the corresponding output voltage response for varying VSCON voltage 
values is presented. 
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Figure 5.7: Output voltage frequency response for varying amplitude values 
 
 
Figure 5.8: Voltage output frequency response 
 
In Figure 5.8, the chosen voltage output frequency response of the readout circuit is 
presented. That response is the result of the subtraction of the output voltages. The RC filter 
at the output introduces a pole at 1 MHz, as it can be also verified by the response of Figures 
5.5, 5.7 and 5.8. 
The transient response of the coil at the first input is presented in Figure 5.9. The coil’s 
transient response is measured for various frequency values equal to 1 KHz, 10 KHz, 100 
KHz and 1 MHz. 
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Figure 5.9: Coil input (transient response) 
 
In Figure 5.10, the transient response of the magnetometer’s model at the second input is 
presented, for various frequency values equal to 1 KHz, 10 KHz, 100 KHz and 1 MHz. 
 
 
Figure 5.10: Magnetometer’s model (transient response) 
 
In Figure 5.11, the transient response of the current at the output is presented for frequency 
values equal to 30 KHz, 35 KHz, 40 KHz and 45 KHz. These values are near the pole of the 
magnetometer which is calculated at frequency equal to 37 KHz, according to the 
magnetometer’s design at this point. By inspection of Figure 5.11, the amplitude of the 
measured current at the output is the same, for the aforementioned frequency values. 
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Figure 5.11: Output current transient response (low frequencies values) 
 
In Figure 5.12, the transient response of the current at the output is presented for frequency 
values equal to 1 KHz, 10 KHz, 100 KHz and 1 MHz. As it is presented in Figure 5.12, the 
amplitude of the output signals is the same for frequencies lower than 1 MHz. The output 
signal’s amplitude is lower at 1MHz. The results of Figure 5.12 are in accordance and confirm 
the frequency response results. 
 
 
Figure 5.12: Output current transient response (high frequencies values)  
 
In Figure 5.13, the output voltage transient response is presented for frequency values equal 
to 30 KHz, 35 KHz, 40 KHz and 45 KHz. By inspection of Figure 5.13, the amplitude of the 
measured current at the output is the same, for the aforementioned frequency values. 
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Figure 5.13: Output voltage transient response (low frequencies values) 
 
In Figure 5.14 the output voltage transient response is presented for frequency values equal 
to 1 KHz, 10 KHz, 100 KHz and 1 MHz. As it is presented, the amplitude of the output signals 
is the same for lower frequencies up to 1 MHz and is reduced at 1MHz. The results of Figure 
5.14 are in accordance and confirm the frequency response results. 
 
 
Figure 5.14: Output Voltage transient response (high frequencies values) 
 
The parameters values for the above simulation results with models at the inputs are 
presented in Table 5.1 
Amag 6 
VSCON 1.4V 
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RF 1 Ohm 
cap 2.2n 
Rout 1 KOhm 
Cout 150p 
Table 5.1: Parameters values for modeled inputs 
 
Where Amag stands for the magnetometer’s gain and is used as a parameter at the voltage 
controlled voltage source. VSCON is the input voltage that is applied at the biasing circuit. RF 
stands for the value of both the feedback resistors which have equal values. Cap is the value 
of the equal valued capacitors. Rout and Cout are the values of the resistance and capacitance 
of the RC filter which is connected at the output.   
 
5.1.3  Simulation Results with the Hall sensor circuit 
The Hall sensor’s model is replaced by the Hall sensor circuit. The transient simulation results 
of the coil and Hall sensor transient response for frequency values equal to 1 KHz, 10 KHz, 
100 KHz and 1 MHz are presented in Figures 5.15 and 5.16, respectively. In this case there 
was not possible to simulate and plot frequency response (ac response) results. This is so, 
because the Hall sensor’s circuit includes also digital components. 
In Figures 5.17 and 5.18 the transient response of the output current and output voltage are 
presented for frequency values equal to 1 KHz, 10 KHz, 100 KHz and 1 MHz. According to 
the results, the amplitude of the output signals is the same for lower frequencies up to 1 MHz 
and falls at 1MHz. These results are in accordance to the results that are plotted using a 
model for the magnetometer. Also, these results are in accordance to the design 
specifications.  
The parameters values for the above simulation results are presented in Table 5.2. In this 
case, there is a parametric output voltage value of the Hall sensor and for varying values of 
that voltage the Hall sensor’s amplitude can be adjusted. That parameter is a part of the Hall 
sensor and is not presented here in detail.  
 
VSCON 1.4V 
RF 1 Ohm 
cap 4n 
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Rout 1 KOhm 
Cout 150p 
Table 5.2: Parameters values with the Hall sensor at the second input 
 
 
Figure 5.15: Coil’s transient response 
 
 
Figure 5.16: Hall sensor’s transient response 
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Figure 5.18: Output Voltage transient response 
 
It should be highlighted here that the simulations with the Hall sensor at the second input 
lasted a period of some weeks. This is so because of the fact that the Hall sensor has digital 
components and thus there was not possible to have frequency response (ac) simulations. In 
order to get the required output response, the Hall sensor’s parameters were set (with the 
help and guidance of the Hall sensor’s designer) and also the parameters of the readout 
circuit. Parametric transient response simulations were done for different parameter values in 
order to choose the ones that would result to the same current amplitude and voltage 
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difference output response for frequencies lower than 1 MHz, as it is presented in Figures 
5.17 and 5.18.  
As it will be described later, according to the fabricated chips measurements the results have 
0 Volts CM at the output when the Hall sensor is connected. The setup and results of Figures 
5.17 and 5.18 have been chosen in order to present the correct output functionality of the 
circuit having in mind that ac response simulations where not possible at this point.    
 
5.2   Fabricated Chips 
 This work includes the fabrication and measurement of two tapeouts and also the final PCB 
design and measurement.  
The first tape-out was sent in May 2009 and the fabricated chip was delivered in August 2009. 
The top-level Layout view of the first fabricated chip with pins is presented in Figure 5.19. The 
dimensions of this layout, including pads, are 1.950 x 1.810 um
2
. The microphotograph of the 
resulting silicon die is presented in Figure 5.20. The chips have been produced using the 
Multi Project Wafer service of AMS. The figure of the first fabricated chip is presented in 
Figure 5.21. In Figure 5.22 there is a zoomed-in view regarding the pins.  
 
 
Figure 5.19: Layout view 
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Figure 5.21: First Fabricated chip 
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Figure 5.22: First Fabricated chip, pins 
 
According to the results of the measurements of the first fabricated chip, improvements have 
been done to the design and a second tape-out was sent in February 2010. The top-level 
Layout view of the second fabricated chip with pins is presented in Figure 5.23. The 
dimensions of this layout with pads are 2.303 x 1.810 um
2
. The second fabricated chip was 
bonded on a DILL support and encapsulated and was delivered in September 2010. In Figure 
5.24, the photo of the second fabricated chip is presented. 
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Figure 5.23: Layout view 
 
 
Figure 5.24: Second Fabricated chip (DILL) 
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5.3.   Measurement Results 
5.3.1   First Fabricated Chip measurements  
The first fabricated chip was different from the design of the DILL that is described in Figure 
4.10. It turned out, according to the measurements of the first chip that this design 
architecture does not function as expected. The first design did not give the opportunity of 
tuning amplitude for the coil response. The measuring board of the first fabricated chip is 
presented in Figure 5.25. 
 
 
Figure 5.25: Measurement Board of the first fabricated chip 
 
The feedback and the output resistors can be seen by inspection of Figure 5.25. The values 
of these resistors that are used for the measurement results are, RFA=RFB=10 Ohm (the blue 
ones) and Ro1=Ro2=1 KOhm (the brown ones). The measurement results are presented in the 
plot of Figure 5.26. The values of the input signals are vin2-=80 mV (p-p) and vin1+=80 mV (p-
p). The supply voltage is equal to VDD=3.2 V and VCM=1.6V. The output response is measured 
for frequency range 100 Hz – 1 MHz. 
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Figure 5.26: Measurement Results of the first fabricated chip 
 
According to the above measurement results and conclusions regarding these results, there 
was a second design. The schematic of the second design is presented in Figure 4.10 and 
the function that describes the output of the circuit is presented in accordance in Chapter 4. It 
turned out that the gain should be improved and the functionality of the varying pole position, 
that has already being described, should be added.  
 
5.3.2   DILL Measurement Results 
The measuring board of the DILL is presented in Figure 5.27.  
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Figure 5.27: Measurement Board 
 
From inspection of Figure 5.27, the capacitors which are called cap at the system design 
figure/description are connected externally.  Also, from inspection of Figure 5.27 the output 
resistors can be seen. 
In order to measure the chip, a coil is used as the first input and an RC filter is used as the 
second input in order to model the Hall sensor’s output. The measurement results are 
presented in Figure 5.28. The parameters’ values that are used for that measurement are, 
RFA=RFB=1 Ohm, Ro1=Ro2=1 K and cap=2nF. The supply voltage is equal to VDD=3.2 V and 
VCM=1.6V.  
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Figure 5.28: Measurement Results of the second fabricated chip 
 
 
5.3.3   PCB Measurement Results  
A Printed Circuit Board is designed, including the merging circuit (readout circuit) that is 




Figure 5.29: PCB schematic view 
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The PCB is presented in Figure 5.30 
 
 
Figure 5.30: PCB  
The measurement setup of the PCB, only with the coil in the one input of the merging circuit is 
presented in Figure 5.31. 
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Figure 5.31: PCB measurement setup  
 
The measurement results of the PCB with the flat coil at the first input are presented in Figure 
5.31. The parameters’ values that are used for that measurement are, RFA=RFB=10 Ohm, 
Ro1=Ro2=1 K and cap=2.2nF. The supply voltage is equal to VDD=3.2 V and VCM=1.6V.  
 
Figure 5.32: PCB measurement results, with flat coil at the first input  
 
The measurement setup of the PCB with the flat coil connected to one input and the 
magnetometer connected to the other input of the merging circuit is presented in Figures 
5.33a, 5.33b and 5.33c. As it can be seen by inspection of Figures 5.33a, b, c, the Hall 
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magnetic sensor incorporates a shielding device. This device was chosen and designed 
according to the results of the Magnetic Field Simulator that is presented in Chapter 6. 
 
 






Figure 5.33b: Measurement setup 
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Figure 5.33c: Measurement setup 
 
The measurement results of the whole system, with the flat pick-up coil at the first input and 
the magnetometer at the second input of the readout circuit are presented in Figure 5.34. The 
parameters’ values that are used for that measurement are, RFA=RFB=10 Ohm, Ro1=Ro2=1 K 
and cap=4nF. The supply voltage is equal to VDD=3.2 V and VCM=1.4V.  The coil’s signal 
amplitude is equal to 5mV p-p and the Hall sensor’s signal amplitude is equal to 84mV p-p. 
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6. Magnetic Field Simulator 
 
6.1 Introduction 
Magnetic Field Simulator (MFS) is an open source software tool developed in Matlab [1] script 
language that is capable of solving 2D, quasi-static electromagnetic problems inside and 
around current conductors and/or conducting shields.  
In a primitive implementation of a galvanically isolated current sensing structure, the current 
conductor curries current I that induces flux density B sensed by the Hall elements, as it is 
presented in Figure 6.1. The operation of this device is limited up to few KHz of magnetic field 
frequency. High frequency magnetic field components induce Eddy Currents into the Hall 
plate [2]. These Eddy Currents disturb the uniform flow of the biasing current within the Hall 
plate, destructing the sensitivity of the device even as low frequencies as DC.  This is a non-
linear effect [3], thus a linear electronic filter cannot be used to filter out high frequencies. 
 
Figure 6.1:  Primitive implementation of a galvanically isolated current sensing structure 
 
The intention is the development of a flux shaping device in order to filter out high frequency 
(parasitic) field components. We leverage the Eddy Current effect induced by high frequency 
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field components [4]. A CAD tool has been developed in order to simulate the behavior of 





Figure 6.2: Current sensor incorporating a copper ring providing appropriate shielding against high 
frequency field components 
 
6.2.   Theory 
The EM problem describing the skin effect in conductors can be formulated by means of 
scalar potential Φ and vector potential A that are defined in equations (6.1) and (6.2) [5], in a 
way to satisfy the two first Maxwell equations as presented in equations (6.3) and (6.4). 
Where, Φ is the magnetic flux and A is the magnetic potential. The wave equations result 
from the latter two Maxwell equations as derived in equations (6.5) and (6.6). In equations 












                   (6.2) 
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       (6.3) 




































E   (6.6) 
H is the magnetic intensity, E is the electric field, ρ is the free charge density, ε is the 
permittivity and σ is the electrical conductivity. The current density J in a conductor is derived 
in equation (6.7). The continuity equation for the current is presented in (6.8). From equations 
(6.8) it follows that ρ  0 for t  +. Thus, in the steady state, the divergence of J and E are 





































      (6.8) 
 
0 EJ         (6.9) 
 
Following equations (6.7) and (6.8), the wave equations in the steady state become as 
presented in equations (6.10) and (6.11). Equations (6.10) and (6.11) can be further simplified 
in case propagation phenomena are neglected, as it is presented in equations (6.12), (6.13) 
and (6.14). In the latter case the scalar potential Φ does not vary with time and the 
divergence of the vector potential A is zero, as follows from equation (6.2). Equations (6.12), 
(6.13) and (6.14) describe generally the skin effect in current conductors. 
 
    AiA 22      (6.10) 
022          (6.11) 
02           (6.12) 
  AiA2       (6.13) 
0 A          (6.14) 
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Alternatively, equations (6.15), (6.16) and (6.17) can be used to model the skin effect. These 
equations are derived by means of Maxwell equations (6.3) and (6.4) and – even though they 
assume zero divergence – they do not ensure the condition for zero divergence of E and H 
that is expressed by (6.4), (6.6), and (6.9). Solutions based on (6.15), (6.16) and (6.17) are 
correct in case of special conductor geometries - like cylindrical conductors - where the zero 
divergence condition is satisfied due to the physics of the problem; the solution is correct, 
despite the fact that zero-divergence condition is not ensured. 
 
02  HiH          (6.15) 
02  EiE          (6.16) 
















Excitation VoltageConstant   :  











   (6.18) 














  (6.19) 
oo AB           (6.20) 
 
To model the skin effect and subsequently calculate the magnetic field around a current 
conductor, one should solve the system of elliptic equations shown in equations (6.12), (6.13) 
and (6.14). This imposes the need for derivation of two sets of boundary conditions, one set 
for A and one set for Φ. Nevertheless, the boundary condition derivation is generally a three-
dimensional problem. If somebody needs to reduce the problem in two dimensions the 
following procedure must be obeyed. The problem for Φ must be solved on a plane that is 
parallel to the current-flow. The aforementioned problem can be solved, provided either that 
the conductor is symmetric around the current-flow axis, or that the conductor has negligible – 
or very large - dimensions along a given orientation; the conductor is two-dimensional. Then 
the problem for A can be solved on a plane that is normal to the current-flow axis, provided 
that the conductor is long enough. A convenient way to derive boundary conditions, in case of 
constant current excitation, is to assume a very thin current conductor, carrying the same 
current as the original one and being parallel with it. It can be assumed that, in a very large 
distance, both conductors induce the same A. In the case of constant voltage excitation, the 
problem for Φ can be solved independently, as in the electrostatic case. Then A is calculated 
by means of Neumann boundary conditions that are nA = 0 [4]. Neumann boundary 
condition is a type of boundary condition, when imposed on an ordinary or a partial differential 
equation it specifies the values that the derivative of a solution is to take on the boundary of 
the domain. It is essential to notice that the normal components of A, J, and E are zero at the 
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current-conductor boundary, because the current cannot leave the conductor. Boundary 
conditions for the aforementioned cases are presented in equations (6.18), (6.19) and (6.20). 
 
6.3.   Magnetic Field Simulator (MFS) 
MFS is a pure 2D Partial Differential Equation problem solver. It assumes that the conductor 
length (z-dimension) is infinite. As a result one may easily prove that only z-components of A 
= A∙z, J = J∙z, and E = E∙z exist while x-, y-components are zero. Similarly, B = BX∙∙x + BY∙y. 
In this case equations (6.12), (6.13) and (6.14) become as it is presented in equations (6.21), 
(6.22) and (6.23). For constant current excitation, where the total current is denoted with I, 
















       (6.21) 
cAiA  2       (6.22) 
  IdSAicSdJ
SS
        (6.23) 
The simulator algorithms that are written have been implemented in Matlab so as to form a 
useful software tool. This tool has been employed for the simulation and optimization of Flux-
Shaping devices that may be optimally used to filter out high frequency (parasitic) magnetic 
field components in Current sensors.  
 
6.3.1   Simulator Description 
MFS simulator has as input domain properties and parameters values, calculates and gives 
as a result simulation data. These simulation data include the z-components of magnetic 
vector potential A and current density J, and the x, y components of magnetic flux density B. 
These data are stored and used in order to plot the results.   
Before setting-up a simulation, the geometry of the Partial Differential Equation (PDE) 
problem needs to be specified. That is accomplished by the specification of the Geometry 
Description matrix gd and the Name Space matrix ns. Each column of gd matrix corresponds 
to an object in the solid geometry model. Four types of solid objects are supported, circle 
solid, polygon solid, rectangle solid and ellipse solid. Each column of ns matrix contains N 
characters (one character per row) composing the name of the solid object that is described 
in the corresponding column of the gd matrix. There are two ways to define gd and ns 
matrixes. The first one is to type them manually in Matlab workspace and the second one is to 
use Matlab pdetool function that launches a user friendly GUI environment. In either case gd 
and ns matrixes are temporarily stored in Matlab Workspace as Matlab Variables and are 
used by MFS function makeg to generate the Decomposed Geometry matrix g. This matrix is 
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required by MFS function which is called FEM, in order to execute the simulation. In order to 
execute the makeg function, a parameter that is called bdim must be specified. This 
parameter defines the distance measured from point (0,0) at which the magnetic flux density 








        (6.24) 
Function makeg stores the Decomposed Geometry matrix g in the MATLAB Workspace in 
MATLAB Variable format. Moreover, it saves g and gd matrixes in the makeg.mat and the 
makeg.par files respectively. A makeg.log file is also created. 
Apart from defining the geometry of the 2D solids, their type must be specified with respect to 
the solid functionality in the PDE problem. Four kinds of types are supported, current 
conductor, passive shield, infinite current conductor and vacuum.  
 Current conductor is a device connected to a power source, in which the current distribution 
is affected by eddy current effects. 
 Passive shield is a conductive device that is not connected to a power source, in which the 
current distribution is attributed completely to eddy current effects resulting to zero total 
current. 
 Infinite current conductor is a device connected to a power source, in which the current 
distribution is not affected by eddy current effect and is therefore constant. 
 Vacuum, in which no current conduction is allowed.    
The domain properties are defined by means of the MFS function makeg. 
Also, a number of parameters must be defined as the simulator’s input.  
These parameters are: 
 Mesh Density (meshref): Defines the density of the mesh. This parameter is a positive 
integer and usually takes values between 2 and 4. Values larger than 4 may force the 
simulator to stall. 
 Solution Tolerance (tolerance): MFS uses an iterative algorithm which finish when the 
absolute difference between two subsequent solutions become smaller than the tolerance 





, depending on the problem.  
 Max Iterations (iter): This parameter sets the amount of the algorithm’s iterations. It is a 
positive integer and takes values between 100 and 1000. 
 Max x-coordination to export results (xmax): MFS exports the solution in a way that can be 
used with Matlab for further analysis. The solution is saved in a rectangular space that is 
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defined by the vertexes (-xmax -ymax), (xmax -ymax), (xmax ymax) and (-xmax ymax). 
Parameter xmax is positive double number.  
 Max y-coordination to export results (ymax): MFS exports the solution in a way that can be 
used with Matlab for further analysis. The solution is saved in a rectangular space that is 
defined by the vertexes (-xmax -ymax), (xmax -ymax), (xmax ymax) and (-xmax ymax). 
Parameter ymax is positive double number.  
 Export Accuracy (xydim): This parameter defines the discrete step between points in [-xmax 
xmax] and [-ymax ymax] intervals that are denoted as xstep and ystep respectively. It is 
determined by the relations xstep = 2·xmax/xydim and ystep = 2·ymax/xydim. 
 Permeability (mu): This parameter defines the permeability of conductors and shields. 
 Conductivity (sigm): This parameter defines the conductivity of conductors and shields.  
 Conductor Current (Isource): This parameter defines the total current that flows in all 
conductors. 
 Frequency (f): This parameter defines the frequency of Isource. 
 
6.3.2   Simulator Functions 
The simulator consists of six functions which are, makeg, makeb, makebscript, setfempar, 
FEM, pdeplot. 
First of all, makeg function is set and executed. This function takes as parameters, gd, ns, 
bdim and pathdef. Parameter pathdef contains a string that specifies the path in which 
makeg.log, makeg.par, and makeg.mat files are saved. When this function is executed Matlab 
asks the user to define the domain properties. Thus, the Decomposed Geometry matrix g is 
calculated and stored in the Matlab Workspace, in Matlab variable format. Also, the gd matrix 
is saved. 
After that, the setfemparam function is executed. This function has as parameters, pathdef 
and fileid. Parameter pathdef has the same definition as for makeg function. Parameter fileid 
can be used to attach a string to the name of the parameter file. This functionality gives the 
user the opportunity to save the results of multiple simulations with different parameters (for 
example with different frequency) but having the same geometry. When this function is 
executed, Matlab asks from the user to define the algorithm’s parameters, that have been 
described above. After that, the algorithm’s parameters are stored in the Matlab Workspace, 
in a .par file. 
Then, functions makeb and makebscript are executed. These functions are not called by the 
user but are called and executed internally by function FEM. FEM is the main simulator’s 
function. FEM function takes as parameters pathdef and fileid. FEM reads the geometry data 
and the algorithm parameter data and calculates and stores the results in files in the Matlab 
Workspace.  
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Now that the calculations have finished, the simulator is ready to plot and present the results. 
There are two ways to present the results that have been calculated by FEM function. The 
first one is by means of standard Matlab plot function and the second one is by special Matlab 
pdeplot function. For the first option variables Axy, Jxy, BXxy and BYxy can be used, while 
the latter requires variables A, J, BX and BY in addition to p, e and t. The syntax of both 
functions is described in Matlab Help.  
 
6.4.   MFS Simulation Results 
MFS simulation results are presented below. 
A rectangular current conductor with dimensions 10  1 mm
2
, as the one presented in Figure 
6.3 is being tested. Total current I = 600A is flowing through the conductor. The magnetic flux 
density is measured at the conductor surface at several positions and frequencies, as it is 
presented in Figures 6.4 and 6.5 respectively. The position results in Figure 6.4 are 
normalized.  
 
Figure 6.3: Rectangular current conductor 
 
Figure 6.4: Magnetic Flux Density against Position 
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Figure 6.5: Magnetic Flux Density against Frequency 
 
The 2D current conductor (made of copper) with the cross-section presented in Figure 6.6 
has been tested as current sensor. Dimensions are stated in Figure 6.6 and measured in 




. Constant current I = S  
σcopper = 2100 A is flowing through the conductor, where 1/σcopper is the resistivity of pure 
copper. The electric field intensity within the conductor is E = dV/dx = 1 V/m. The lower part of 
the conductor serves also as the support of the 2D HALL (vertical and horizontal) pair. 
 
 
Figure 6.6: Current conductor (made of copper) 
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MFS Simulation results for the conductor of Figure 6.6 are presented in Figures 6.7 and 6.8, 
where flux density against position and against frequency is presented. The position results in 
Figure 6.7 are normalized.  
 
 
Figure 6.7: Flux Density against x position 
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Figure 6.8: Flux Density against Frequency 
 
According to the results that are presented in Figures 6.7 and 6.8 we can assume that a chip 
with dimensions 23 mm
2
 containing a pair of vertical and horizontal Hall devices that is 
positioned in a way that the vertical device is at the x=6mm position, while the horizontal is at 
the x=3mm position can be used as high frequency current sensor. The vertical device works 
as a high-pass magnetic filter, while the horizontal one is a low-pass filter. 
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Figure 6.8: Intensity for Low Frequency Current 
 
 
Figure 6.9: Intensity for High Frequency Current 
 
In the above Figures 6.8 and 6.9, MFS simulation results are presented for a device having 
the shape that is show in the Figures. For the same current conductor, the intensity is 
presented against position, for low and high frequency current respectively. The position is 
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normalized. For the conductor of Figures 6.8 and 6.9, the intensity against position for various 
frequency values is presented in Figure 6.10. The position here is also normalized. 
 
 
Figure 6.10: Flied intensity at the conductor’s surface  
 
According to the results of Figures 6.9 and 6.10, a vertical Hall device at position 0.4 works as 
a low-pass magnetic filter. 
MFS simulation results for the current sensor of Figure 6.2 are presented in Figures 6.11 and 
6.12.  
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Figure 6.11: Flux Density against x position for various frequency values 
 
 
Figure 6.12: Flux Density  
 
According to the simulation results of Figure 6.11 if the Hall sensors are place at x=-0.005 
and x=0.005 positions, these devices work as low-pass filters. 
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